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Abstract: Microscopic variations in material stiffness play a vital role in cellular scale biome-
chanics, but are difficult to measure in a natural 3D environment. Brillouin microscopy is
a promising technology for such applications, providing non-contact label-free measurement
of longitudinal modulus at microscopic resolution. Here we develop heterodyne detection
to measure Brillouin scattering signals in a confocal microscope setup, providing sensitive
detection with excellent frequency resolution and robust operation in the presence of stray light.
The functionality of the microscope is characterized and validated, and the imaging capability
demonstrated by imaging structure within both a fibrin fiber network and live cells.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The mechanical interaction of a cell with its surroundings is crucial to cell mobility [1], growth
[2], metabolism [2], and can direct cell fate [3,4]. As such, accurate high-resolution mapping
of mechanical properties within cells and the extracellular matrix that surrounds them holds
great value for the study of cellular biomechanics. While much work has used atomic force
microscopes [5], this technique requires physical access and thereby limits measurement to cells
on a flat surface. This in turn provides a highly unnatural biomechanical environment that can
completely alter normal cell movement and responses, thus undermining the relevance of the
data obtained in this context [6].

Brillouin microscopy is an emerging technology which can provide noncontact 3D elastography
at microscopic resolution [7—-10]. Brillouin microscopes rely on Brillouin light scattering in
which light scatters from acoustic waves [11]. This scattering allows measurement of both
the local sound velocity and attenuation at microscopic scale (Fig. 1(a)), which relates to the
complex longitudinal modulus. The longitudinal modulus relates to the material compressibility,
and is not directly relatable to the Young’s modulus as measured with methods such as atomic
force microscopy [12]. The simplest and most common approach to Brillouin microscopy
uses spontaneous Brillouin scattering, in which the acoustic waves are generated by thermal
fluctuations. This allows biomechanical measurements using only a single input laser field in a
confocal microscope. Another approach is to use optical fields to generate the acoustic waves,
as used in either stimulated Brillouin microscopy [13,14] or impulsive Brillouin microscopy
[15,16]. While these two techniques offer an advantage in sensitivity and speed, they require
multiple laser fields to interact from different input directions, and hence are constructed with
dual microscope objectives which increases the cost and complexity of the system and makes it
incompatible with the standard sample preparations used in confocal microscopy.

The key challenge to Brillouin microscopy is the ability to detect a very small signal, for example,
107! of the input power for spontaneous Brillouin scattering in water [7,11]. Furthermore, the
frequency shift of Brillouin scattering is a few GHz which is only detectable with extremely
fine spectral resolution. The two approaches which have been previously used are tandem
Fabry-Perot interferometers (TFPI), which act as a narrow band-pass filter that is scanned over the
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spectral range, and virtually imaged phase array (VIPA) spectrometers which act as a dispersive
element separating the range of frequencies onto different pixels of a camera [7,9]. TFPI offer
superior spectral resolution and isolation of stray background light, while VIPA operate at far
higher speed and require less total light flux due to the parallel simultaneous measurement of
all frequencies [17]. The speed offered by VIPA has been particularly valuable for imaging the
Brillouin shifts in cells and in animals [9,18-20], while the resolution of TFPI has enabled more
precise measurements such as the full elastic tensor of spider silk [21,22].

Here we introduce heterodyne spectroscopic detection for Brillouin microscopy, which
allows parallel detection with extremely fine spectral resolution. Heterodyne detection is a
well-established method, and has previously been applied to measure Brillouin scattering in
optical fibers [23-25]. Our system introduces heterodyne detection of Brillouin scattering into
microscopy, and using GHz bandwidth detection and signal processing to greatly improve detection
sensitivity and bandwidth. We characterize the microscope performance and demonstrate its use
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Fig. 1. Concept and validation. (a) Sound waves cause a periodic modulation of pressure
and hence the refractive index, which causes Brillouin scattering of light when its period
is half the optical wavelength. (b) Heterodyne detection measures the beat between the
reference and the Brillouin scattered light, which allows us to shift the Brillouin signal into
the detection bandwidth by selecting an appropriate reference frequency. (c) Example of a
Brillouin scattered peak from water, measured with a 4200 MHz shifted reference (blue)
with a Lorentzian fit (orange dashed). (d) Schematic layout of our experimental setup.
QWP: Quarter wave plate, PBS: polarizing beamsplitter, AM: amplitude modulator. The
microscope also incorporates fluorescence and transmission imaging to allow correlative
multimodal measurements. (e) Spectrogram of 50 s of data recorded in water. The peak
frequency (black line) is estimated by fitting to the data. (f) Histogram of estimated Brillouin
peaks. The variation has standard deviation of 1.6 MHz, or normalized Av = 4.3 X 1074,
(g) The resolution is estimated by spatially mapping the Brillouin shift around a 503 nm
polystyrene nanosphere embedded in 3D, shown in xy (top) and xz (bottom), with 1 um scale
bars. The estimated resolution is 0.75 um in x and y, and 4.2 um in z.
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to characterize Brillouin scattering to establish stiffness maps of complex 3D biological samples,
fibrin fiber networks and live cells.

2. Method

In heterodyne detection a weak optical signal is amplified by its interference with a strong
reference to achieve single-photon level sensitivity while requiring only basic and inexpensive
detectors. The signal field is combined with a stronger reference field on a 50/50 beamsplitter,
followed by balanced detection of the intensity at the two beamsplitter outputs (Fig. 1(d)). The
resulting photocurrent is sensitive to the interference between the two fields, while remaining
insensitive to fluctuations in the reference field intensity [26]. The spectrum is then determined
via Fourier transform. The detected photocurrent corresponds to a beat at the frequency difference
between signal and reference fields (Fig. 1(b), c). The frequency of this beat depends only on the
Brillouin shift and not on the absolute frequency of the laser source, making it calibration-free and
insensitive to drifts of the laser frequency. Drifts of the laser frequency do change the Brillouin
scattering frequency, however this shift in Brillouin frequency is less than 10~ of the laser drift,
and can safely be neglected. By comparison, both TFPI and VIPA spectrometers measure the
absolute frequency, such that frequency drifts of the laser are directly convolved with the Brillouin
signal. While drifts can be addressed with active stabilization, this further increases the cost
and complexity of the system [27]. Additionally, heterodyne detection provides Fourier-limited
frequency resolution, limited only by the duration of the measurement. Here we choose 3.125
MHz frequency resolution, which is around 100 times narrower than typically achieved with
VIPA spectrometers [9,19]. Note that the frequency resolution denotes the spacing between
measurable frequencies in the Brillouin spectrum, and is not equivalent to the frequency precision,
which is the accuracy with which the frequency of a single Brillouin peak can be estimated. Use
of a narrower frequency resolution permits characterization of the Brillouin spectrum with a finer
spacing between samples, but does not automatically provide finer frequency precision.

Our implementation uses 1064 nm laser light, which allows the use of inexpensive shot noise
limited GHz detectors. The Brillouin scattering rate scales as A~%, which necessitates use of
higher power than visible light. However, since photodamage is far lower in the infra-red, far
higher power can be used before photodamage becomes a concern [10,28,29]. Damage in
Brillouin microscopy has been quantified by the onset of visible blebbing [18], which showed
that the highest nonlethal power for 1 hour exposure is around 800 uW for 532 nm and 69 mW at
660 nm. The reduced damage at longer wavelength is expected because longer wavelengths carry
less photon energy, and produce far less single photon photochemical disruption [28-31]. Even
higher powers have been used in Brillouin microscopes operating in near infrared wavelength,
with 265 mW used for live imaging without visible damage at 780 nm [14]. Based on this data,
we used a comparable laser power of 276 mW in our live cell visualization experiments. We
additionally monitored cell damage using NucGreen (ThermoFisher) fluorescent live/dead stain
to confirm that the cells remain alive after imaging, thus demonstrating compatibility with living
biological samples.

The heterodyne Brillouin measurement was incorporated into a custom made confocal
microscope (Fig. 1(d), described in detail in Supplementary Information). The light is collected
into a single-mode fiber, which acts to limit light collection to the focal spot in a similar way to a
confocal pinhole [32], which is a common approach for confocal Brillouin microscopes [7,9,18].
The collected Brillouin signal is mixed with a frequency-shifted reference field, with the resulting
interference detected on a 1 GHz bandwidth detector. While not strictly essential, the use of a
frequency-shifted reference reduces the bandwidth required from the detector and digitizer as
the GHz Brillouin scattered signal can be shifted towards the bandwidth of detection (Fig. 1(b),
(c)). Subsequently, the detected signal is converted to a digital power spectrum using a custom
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built real-time spectrum analyzer housed in a National Instruments PXI system (Supplementary
Information). Real-time spectrum analysis is necessary to capture all of the data within the
detected signal in order to maximize sensitivity (Supplementary Information).

Next, we characterized the system noise performance, and the detection was found to be shot
noise limited (Supp Fig. S1, Supplement 1). The noise contributions from adding excess light
in the signal port was also evaluated, and the primary effect of additional background light
was found to result in an increase in the shot noise floor (Supp Fig. S2, Supplement 1), which
we subtract in subsequent data preprocessing. We find that measurements remain robust even
with several microwatts of background power reaching the detector, which is over 6 orders of
magnitude brighter than the Brillouin scattered signal. This intrinsic robustness alleviates the
need for specialized filters to eliminate unscattered light, as is often required in VIPA-based
Brillouin microscopes [27,33].

The longitudinal modulus M can be estimated from the Brillouin frequency vg, if both the
refractive index n and mass density p are also known

_ /lVB
 2np? sin (%)

Here 6 is the angle between incident and scattered light. In our case we do not have reliable in
situ measurements of n and p, and hence do not estimate the longitudinal modulus. Similar to
most papers in the field [7,9,14-16,18-20,34-36] we only report the Brillouin shift, and here
follow the convention established at the recent COST Action BioBrillouin workshop [10] to
parametrize the Brillouin parameters in normalized units.

3. Performance

An example spectra recorded in water with 345 mW power and 100 ms dwell time (Fig. 1(e), )
demonstrates the stability and precision of the measurement. Although the laser frequency is not
stabilized, the raw data shows no shift over the course of 50 s. Once the data is acquired, the
Brillouin peak frequency and linewidth is estimated using least squares fitting in a custom Matlab
script (Supplementary Information). The estimated Brillouin shifts in water have an approximately
Gaussian distribution with a standard deviation of 1.6 MHz (Fig. 1(f)), or Av = 4.3 x 107
when expressed in normalized units of ¥ = v/vy — 1, with vy the measured Brillouin shift of
water [10]. This precision is better than reported for either TFPI or VIPA Brillouin microscopes,
though we achieve this at higher power than those reported results [10,18,34,37]. The peak
signal-to-noise-ratio of this data is 81, for which the Cramér—Rao bound to Brillouin frequency
estimation would be 1.4 MHz (see Supplementary Information). The variations in estimated
Brillouin frequency only exceeds the predicted precision limit by a factor of 1.14.

The microscope resolution was characterized by spatially mapping the Brillouin shift around a
503 nm polystyrene nanosphere (Bangs Labs, FSPP003) embedded in 3D polyisocyanopeptide
hydrogel (Fig. 1(g)). The resolution was estimated from the area in which Brillouin scattering
frequency was increased around the bead location, which had a full width half-maximum of 0.90
um in x and y, and 4.2 pm along the z axis. Resolution in confocal microscopes is commonly
estimated by imaging sub-wavelength fluorescent nanospheres. Here we used a relatively large
size as Brillouin scattering cannot be highly localized [38], which slightly broadens the spot size.
Accounting for the bead size, the estimated resolution is 0.75 um in x and y, and 4.2 um along the
Z axis, consistent with diffraction-limited imaging with an effective numerical aperture of 0.67.

Measurement precision was characterized in water for a range of probe powers and pixel
dwell times (Supp Fig. S3, Supplement 1). The precision of Brillouin shift estimates scales
as the inverse square root of pixel dwell time, similar to other shot noise limited Brillouin
measurements. Unlike other measurements, the precision scales inversely with the probe power
reaching the sample. This is because heterodyne detection has different noise characteristics
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to photon counting measurement. At the shot noise limit photon counting measurements have
variance equal to the photon number N, while heterodyne detection has an additional constant
noise floor that persists even in the absence of any signal (Supplementary Notes 2, 3, Supplement
1). While this has negligible effect where the signal is strong, it leads to poorer sensitivity in the
limit that fewer than one photon scatters within the coherence time of the source. This means
that photon counting measurements will be more suitable than heterodyne detection for signals
with extremely low photon number such as in Brillouin scattering from shear waves [21].

Increasing the probe power was found to increase the Brillouin shift, consistent with laser
heating (Supp Fig. S4, Supplement 1). Using the temperature dependence of the speed of sound,
we estimated that the laser caused 27.5 K/W of heating. Optical heating from 1064 nm lasers has
previously been studied for optical tweezers, and a lower heating rate of 8 K/W was reported
[39]. Part of this discrepancy may be due to the nature of the measurement, as optical tweezers
have a trapped microsphere at the laser focus and are sensitive to the water directly surrounding
this sphere, while here we are sensitive to the water at the most intense part of the focus.

We measured the speed at which the laser generated heating by measuring the Brillouin shift
in water after opening the laser shutter (Supp Fig. S5, Supplement 1). The water should initially
be at room temperature, and its temperature increases once the laser is incident. The Brillouin
shift was measured with 1 ms temporal resolution, and it was found that spectra measured within
Ims of the shutter opening already exhibit most of the laser heating seen over a long timescale.
This indicates that the majority of laser heating occurs at a sub-millisecond timescale. The rapid
speed is consistent with results from plasmonic sensing, where the majority of heating has been
measured to occur within 70 ps [40]. Finer temporal resolution could in principle reveal the
dynamics of the heating, but was not achievable here due to the timing jitter of the optical shutter
and its 3 ms specified time to open.

In experiments where this heating is unacceptable, it can be reduced by using D,O heavy
water which has minimal absorption at near infra-red wavelengths, which we find reduces the
heating by an order of magnitude (Supp Fig. S4, Supplement 1). Heavy water has similarly
been used in optical tweezers biophysics experiments to mitigate thermal damage [41,42]. The
measurement shows that Brillouin scattering can be applied to estimate sample temperature at
the focus. However, this approach is likely to be practical only in well-characterized materials
where the temperature dependence of the speed of sound is well known.

The observation that heating can shift the Brillouin peak also raises a complication to the
interpretation of Brillouin scattering data, as it demonstrates that changes in Brillouin shift can
result not only from changes in material properties but also changes in temperature. As such any
variation in optical absorption could change the optical heating, and introduce a non-mechanical
variation in the Brillouin shift. This confounding influence should be considered in all Brillouin
microscopes, and particularly those operating at high power such as used in stimulated and
impulsive Brillouin microscopes [13—15].

Heterodyne measurement relies on the beat frequency between the reference and Brillouin
scattered signal, which can correspond to signal frequencies either above or below the reference.
To unambiguously localize the Brillouin shift, and to measure the Brillouin spectrum over a
larger range than the detector bandwidth, we scan the reference frequency (Fig. 2(a), Supp Fig.
S6 in Supplement 1). Measurement of the beat frequency at multiple reference frequencies
allows unambiguous identification of any spectral features. Figure 2(a) shows the measured beat
frequencies from Brillouin scattering in water as the reference frequency is varied between 3000
and 6000 MHz, which provides a measurement of the spectrum from 2000-7000 MHz.

We validated the Brillouin measurements by measuring water, isopropanol, acetone, methanol,
and ethanol (Fig. 2(b)). The measured Brillouin frequency closely follows the expected value of
y = %, with ¢, the speed of sound in the material, n the refractive index, and A the vacuum
wavelength (Fig. 2(c)). The measured Brillouin shifts span a 1.1 GHz range, with each shift
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Fig. 2. (a) Brillouin scattering is measured with different reference frequencies. Signals
either above or below the reference frequency both appear within the measurement bandwidth.
Since the measurement does not distinguish between these, here we display each measured
spectra both above and below the reference frequency. The Brillouin scattering peak at
3.7 GHz is observed consistently for any chosen reference frequency. By merging the data
recorded at different reference frequencies we can infer the Brillouin scattering spectrum
across a wide frequency range (line plot below, see Supplementary Fig. 5). (b) Brillouin
spectra of methanol (blue), ethanol (red), isopropanol (yellow), acetone (purple) and water
(green). Each peak has been scaled to the same height. (c) The extracted Brillouin shift
follows closely the frequency that would be expected based on the sound velocity in each
liquid (Supplementary Note 4). (d) Although the linewidth depends on both kinematic and
bulk viscosity, we see a general trend of measured linewidth increasing with kinematic
viscosity.

agreeing with the predicted value to within 3%. Discrepancies in sample temperature could
account for the small discrepancies between measured and expected Brillouin frequencies, as we
assumed each material to have comparable optical heating to water, which leads to a temperature
of 30 °C (Supplementary Note 4). We further find that the linewidth correlates well to the
material viscosity (Fig. 2(d)). The Brillouin linewidth depends on both kinematic and bulk
viscosities, with the two viscosity types having comparable contributions to the linewidth [43].
Perfect correspondence cannot be expected as the bulk viscosity can vary separately from the
kinematic viscosity (Supplementary Note 4, Supplement 1).

4. Imaging

The capacity for Brillouin imaging was demonstrated in two 3D biological samples, a fibrin
hydrogel (Fig. 3(a)), whose fibrin fiber network imparts the key mechanical properties of a blood
clot, as well as live cells within 3D growth matrices (Fig. 3(b)-(e)). The architecture of fibrin
fiber networks can be quite diverse in structure, particularly the 3D branching and the pores this
creates, but the network often has pore diameters larger than 5 um [44]. We used a 4 mg/mL
fibrin hydrogel with a pore size of 3.8 um and an average fiber diameter of 420 nm (Supp Fig.
S7, Supplement 1). The sensitivity of detection was sufficient to easily resolve individual fibers
within the network, despite their size being smaller than the optical resolution of the microscope.


https://doi.org/10.6084/m9.figshare.16556220
https://doi.org/10.6084/m9.figshare.16556220

Vol. 12, No. 10/1 Oct 2021/ Biomedical Optics Express 6265 |

Biomedical Optics EXPRESS

The stiffness of this fine 3D structure was mapped, with Brillouin shifts v covering the range of
0.014-0.025 relative to the Brillouin frequency of water. To the best of our knowledge this is
first experiment to show the fiber structure of a biological hydrogel with Brillouin microscopy.
Several previous works have characterized Brillouin scattering in hydrogels, though this has
primarily been in fine mesh synthetic gels without resolving any spatial structure [7,9,12,16,45].
While Ref. [35] has shown some difference in the Brillouin scattering between pores and walls
of gelatin methacrylate, they did not show individual filament structures.

0.045 V 0.08 3400 3600 3800 4000 4200
Frequency (MHz)

Fig. 3. Example images. (a) Normalized Brillouin shift for a fibrin hydrogel, for which we
can resolve the individual fibers. To improve precision the dwell time here is 400 ms. The
fibrin fibers are not resolved in the measured linewidths. (b) Normalized Brillouin shift and
(c) linewidth for a single live HeLa cell cultured in a 3D environment, imaged with 276 mW
and 100 ms dwell time. Some regions of high stiffness and high viscosity within the interior
of the cell are visible, which likely correspond to nucleus and Golgi apparatus. (d) Overlay
of the Brillouin shift on a transmission light image of the cell. (e) Example spectra from
within the cell (red) and from the background (green). The increase in both frequency and
linewidth is clearly visible. Around 2 pW of excess light scattered by the cell contributes to
the noise visible at low frequency. Scale bars: 5 um

Figure 3(b)-(e) shows Brillouin microscopy of live HeLa cells. HeLa cells were encapsulated
within a 2 mg/mL polyisocyanopeptide hydrogel, which is a biomimetic synthetic gel previously
employed in 3D cell cultures [4,46]. The image was acquired with 100x 100 pixels with 100 ms
dwell time, such that the 20 pm square image was acquired in 1000 s. The HeLa cells showed
an increase in both the Brillouin shift and linewidth throughout the cytosol, with some internal
structures producing particularly high shifts. These extra stiff regions are expected to be larger
organelles, and tentatively identified as the nucleus and Golgi apparatus due to their size and
localization. The dynamic range was much greater within the cell (0.01-0.08) as reflected by the
more complex organization of a cell.

The peak SNR is 25 in the background and 12 in the cell (Fig. 3(e)). This corresponds to an
estimated limit to frequency precision Av of 0.0007 in the background, and 0.002 within the cell.
The reduced sensitivity within the cell is primarily due to the higher linewidth rather than the
reduced SNR, as the precision of Brillouin frequency estimation increases with the linewidth
(Supplementary Information).

As with most live cell imaging modalities [29], phototoxicity is a major concern. Brillouin
microscopes are noted to cause sufficient photodamage to induce cell blebbing [9,18]. The
compatibility of our microscope for live imaging of dynamic responses was confirmed both by
monitoring the cell morphology, and by assessing cell viability during and after imaging with
a NucGreen stain. This fluorescent marker only labels the nucleus of cells with compromised
membranes, which indicates the cell to be fatally damaged. No fluorescence was seen after
Brillouin imaging (Supp Fig. S8). As a positive control, we added ethanol to the imaged cell
sample and then observed strong nuclear fluorescence after this chemical damage to the cells
(Supp Fig. S8). The use of a cell death stain has been recommended as a control for all cellular
Brillouin imaging experiments [10]. However, it should be noted that the stain only indicates
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disruption of the cell membrane, while phototoxic damage can also show up as deficiencies in
long-term development [29,31].

Optical heating could in principle contribute to the measured shifts seen here. The total effect
from optical heating was estimated to be a frequency shift of ¥ = 0.016 and linewidth narrowing
of I' = —0.2 (Supp Fig. S4). By comparison, the cell interior produced five times larger Brillouin
shift (Fig. 3(b)) and with linewidth broadening rather than narrowing (Fig. 3(c)). We therefore
rule out heating playing a primary role in the measured Brillouin shift in cells. However, it is
possible that some proportion of the shift may be attributable to heating.

5. Outlook

Heterodyne detection provides an alternative method to detect Brillouin scattering, offering finer
frequency resolution and background rejection than a VIPA spectrometer, and higher speed
than a TFPI [10]. The absolute sensitivity demonstrated here is comparable to VIPA based
spectrometers [9,10,19,27], but required higher power to achieve this. Compared to VIPA or TFPI
detectors, heterodyne detection is relatively straightforward to implement. The experimental
setup uses many similar parts to swept source optical coherence tomography (OCT) [47], which
may provide an appropriate basis from which to build a heterodyne Brillouin microscope.

Our results show that laser heating can cause shifts in the Brillouin frequency. Since temperature
directly influences the longitudinal modulus, all types of Brillouin microscope would be sensitive
to heating. We suggest that temperature effects should be considered in more carefully in
all Brillouin microscopes, and particularly those that use high power such as stimulated and
impulsive Brillouin microscopes. It could be useful in future to combine Brillouin microscopy
with fluorescent temperature indicators [48] that could measure the presence of laser heating,
and allow estimation of spurious heating effects on the Brillouin shift.

In addition to applications in cell biology, which have been discussed in previous works
[9,10,18,36], we consider Brillouin microscopy to be a promising method to characterize
biological matrices. Biological hydrogel networks typically have pore sizes in the micron
scale [1,44,49]. This allows the Brillouin shifts from highly supported branch points to be
separated from the more flexible regions in between. This could provide useful information for
understanding microscale variations in these networks which the usual rheology measurements of
bulk stiffness fail to dissect. Further, when focusing the laser on a solid fiber we should observe a
high concentration of solid material. This is important for separating solid contributions from
the water, which is increasingly difficult at high levels of hydration [12]. At sufficiently high
solid concentrations the Brillouin shift can coincide with relaxation frequencies, resulting in a
resonant shift in the Brillouin peak [50]. With resolvable fibers this may be observable simply by
scanning through different solid concentrations within the sample. We anticipate that this will be
a valuable area for future investigation.
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